tenants; as well as the increasingly importance of the building as a facilitator of human control, productivity, and information interchange (Tham, 1992) . One of the challenges is to understand the interaction between various aspects of building performance and also their implications on complex control. The overreliance of mechanical systems to achieve the required comfort and health has also obscured the inherent performance implications of other critical building design decisions. As a result, the decision on mechanical systems and controls was frequently decoupled from the building design. The dynamics of the organizational workplace as well as the flexibility of the building infrastructure also have important effects on the environmental and technical quality of the offices (Tu & Loftness, 1998) . Over the past few years, the pressure for competitive differentiation is also leading property developers and designers to include novel and innovative design features in the core design work. Unfortunately, there is considerable uncertainty in assessing the performance of such designs if the dynamic and integrated response of the building and its environmental systems is not taken into account. The aspiration of designers to create a sustainable built environment for the future by consciously taking into consideration issues such as energy efficiency, passive building, and ecologically friendly design has further added to the complexity of the design process.
With such increasing complexity involved in building design and performance evaluation of buildings, the need for the use of computational building performance evaluation and design support tools throughout the process is recognized. Such tools allow the building designers to evaluate the impact of design on the various performance mandates such as thermal, air, acoustic, and visual quality (Hartkopf, Loftness, & Mill, 1986) . To some extent, they are able to replace expensive and time-consuming field tests and provide a comprehensive range of test conditions. They can also lead to an improved understanding of the behavior of various climatic agents and provide confidence in design. They are also especially important for making preliminary evaluation of complex design strategies (Mahdavi & Lam, 1991) .
This article, through an extensive industry survey, provides an overview of the usage of performance-based simulation tools for building design and evaluation in Singapore, highlighting particularly the status and difficulties encountered in the usage and the needs of the industry for such tools.
Understanding the design process
The building design process starts from the client who has certain ideas and requirements for a building. The appointment of an architect for a new building project carries with it a high degree of uncertainty in almost all the aspects of the design at this point in time. In selecting the architect, the client begins with a leap of faith in the architect. The client wants to ensure that the building will be built within their expectation, time duration, and budget limit. The design process involves translating the requirements of the client into a physical design which is buildable, fulfilling the needs of the client as well as complying with the building regulations as specified by the government regulatory bodies (see Figure 1) .
The process undoubtedly involves intensive communication between client and architect, where the client describes the need or the architect asks about the client's specific requirement. The solution in each problem that arises becomes invaluable experience and good practical knowledge.
Design decision and building performance
Throughout the design process, the various aspects of building performance such as comfort, economics, code compliance, energy requirement, environmental impact, esthetics, and so forth must be considered. Therefore, the building design process can be seen as a dynamic process of generating ideas that involve specific strategies and technologies and then estimating and evaluating their performance with respect to the various performance considerations within the specific design context (see Figure 2) .
To estimate the performance of building designs, designers need to simulate the operation of the building using various types of modeling techniques. As the need for additional and more accurate performance considerations is increasing, new simulation techniques are becoming available. Table 1 shows the evolution of computerbased performance simulation tools (Clarke & Maver, 1991) .
The performance evaluation process requires the comparison of multiple alternative design schemes as well as the performance of existing buildings. Such evaluation also requires concurrent and integrated consideration of the various performance mandates. Although performance prediction can be facilitated with the use of computerbased performance simulation tools, their usage for performance evaluation is limited. This is because the current simulation tools are mostly developed based on one single aspect of building performance, although such tools can facilitate the evaluation process by the provision of appropriate user interface that generates graphical representation of the output data and allows direct comparison of multiple solutions with respect to multiple performance consideration (Papamichael, Porta, & Chauvet, 1997) . Table 2 shows the state-of-the-art performance simulation tools that are currently available.
The use of performance simulation tools in Singapore their usage by architectural and engineering consulting firms in Singapore has not been very encouraging. The traditional approach of relying on accumulated experience of the building designers is still prevalent. Rule-of-thumb solutions developed over time were motivated by the need for compliance with codes of practice and very often were applied rigidly without considering the overall design context. Such decision tends to be unidisciplinary because most of the codes of practice were developed to fulfill one particular aspect of the building performance. For example, the Overall Thermal Transfer Value (OTTV) requirement was developed taking into consideration only the heat transfer process through the building façade for air-conditioned buildings. The implication of such requirement on other building performance, such as the potential for the utilization of daylight, was not considered.
To provide a better understanding of the extent in which performance-based simulation tools are used in building design and evaluation, a survey was conducted among the architectural and engineering consulting firms in Singapore. The survey also serves to identify the problems and difficulty encountered by them and the needs of the industry for such tools.
Methodology
A self-administered questionnaire was sent to the architectural and engineering consulting firms in Singapore. The questionnaires were structured in such a manner that would provide information regarding the following:
• performance-based simulation tools commonly utilized in building design and evaluation, • educational background of the software users, • the stage of design process where the software were utilized, • reasons for the usage of such tools and the problems encountered, • reasons for not utilizing such tools, • perception of integrative design support environment, and • suggestions toward the enhancement of such software utilization.
The survey was conducted for a period of 1 month from early December 1998 to early January 1999. A total of 584 firms were surveyed, comprising 440 architectural firms, 134 engineering consulting firms, and 10 government statutory bodies. Approximately 28% of the questionnaires sent were completed and returned (see Figure 3 ). Table 3 shows the usage of various performance-based simulation tools by the firms surveyed. The results revealed that the usage of energy and HVAC sizing software by architecture firms was extremely low. Most architecture firms indicated that they were not aware of the existence of such software tools and that the usage was beyond the scope of their work. Although 46.4% of the engineering consulting firms surveyed were using the software, the majority of the software were supplied by the HVAC
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manufacturers, which served to assist them in the design and selection of HVAC systems and components. The usage of generic energy and HVAC sizing software such as DOE-2 was very limited. Of the architecture firms, 11.3% were using the lighting software. However, the software were used mainly for rendering to enhance the visual impression of the design. They were not used specifically for the design of artificial lighting or daylighting. About 25% of the engineering consulting firms were using the lighting software supplied by the lighting manufacturers for the design of artificial lighting. In most cases, daylighting was not considered in their design. Again, the usage of generic lighting software such as Radiance or Lightscape was very limited. The survey also revealed that software for the analysis of acoustics, ventilation, and indoor air quality were not used at all by the firms surveyed. Most firms surveyed expressed that they had not come across any of such software and felt that such software should only be used by the specialists. Table 4 reveals the educational background of the software users. The majority of the energy and HVAC sizing software users were mechanical engineers and building services engineers. For the daylighting and electric lighting software, 71.4% of the users were electrical engineers and about 28.6% were building services engineers. The usage by architects was about 14.3%. Table 5 reveals the frequency of usage of the various simulations tools. Of the energy and HVAC sizing software users, 46.2% utilized the software frequently, with 30.8% indicating that they seldom used it. For daylighting and electric lighting software, 66.6% of the software users utilized the software occasionally. Table 6 shows 53.8% of the energy and HVAC sizing software users utilized the software during the design development stage. For daylighting and electric lighting software, 80% of the users utilized the software from beginning of the schematic design as well as during the design development stage. Figure 4 shows the major reasons for the usage of performance-based simulation tools. Of the firms surveyed, 69% utilize the tools to enhance the design in terms of providing better understanding of impact of design on building performance, and 58.6% felt that the tools speed up the design process as well as provide confidence in the design. Only about 35% expressed that the usage is to fulfill the client's requirements. Some firms also expressed that the adoption of such simulation tools will enhance the image of their companies and thus increase their competitiveness in securing projects.
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Reasons for using simulation tools
Reasons for not using simulation tools
Figure 5 reveals the major reasons for not using the simulation tools. Of the firms surveyed, 70% felt that most clients do not stipulate the employment of such tools as an essential requirement. Most firms viewed the use of simulation tools as involving extra cost and effort but with little recognition and appreciation from the clients. Very tight project schedule and budget further aggravate this problem. Other major reasons include staff lacking the skills and training in the usage, the high cost of simulation tools, and the belief that the use of such tools would incur more design time in the process. In addition, 50% also expressed that most of the tools have very steep learning curves and are not user-friendly. Most firms surveyed also felt that the usage of such simulation tools was beyond their scope of work. The opinion is that such tools should be utilized only by the specialist consultants or the suppliers. The lack of "suitable projects" further hampered the regular utilization. The lack of support from the local software developer is another obstruction because such software was not easily available and those developed in United States or Europe may not be suitable for local use. The output generated from the simulation tools could be extremely difficult to interpret and utilize for design decisions. It could also be difficult to justify cost savings in the design to the clients. Their basic objective of the design was to fulfill the requirement as specified by the codes of practice; thus, the usage of complicated simulation tools was not essential. Of greater concern is perhaps the apparent lack of awareness of the existence of such tools. Figure 6 shows the barriers encountered in the usage of simulation tools. About 64% felt that the main barriers were the high cost of maintaining and upgrading the software. The lack of training facilities and that staff did not see the usefulness of such tools are other major factors. Figure 7 shows the perception of the limitations of current simulation tools by firms surveyed. Of the firms surveyed, 69% felt that the main limitation is the very extensive data input required. This can indeed impose a very serious problem, especially during the initial design stage where design information is very limited. Another hindrance is that simulation tools are largely platform-dependent, requiring firms to possess specific computer systems. The tools do not match the existing design process, and there is no integration with CAD tool. Only about 35% felt that investment in this technology is expensive. This is because of the tremendous improvement in the computer technology and the drastic reduction in the price of computer memory.
Comparison with other countries
To a have better understanding of the reasons for not using the performance simulation tools in Singapore, it is essential to compare the situation in other countries to identify whether such reasons are specific in Singapore. A literature review was carried out to identify similar surveys that were conducted in other countries. Donn (1997) , in a survey of 421 firms in the United States that were mainly HVAC engineers, simulationists, and utility support groups, found that 68% of the responses referred to bottom-line costs as the aspect of simulation that interests clients. The survey also revealed the following perceptions of the practitioners:
United States.
• simulation is costly and slow;
• simulation requires special and expensive equipment; • simulation is a specialist's tool, useful only for high-value commissions; and • there is a poor match between measurements and prediction. Johnson and Clayton (1998) , in the survey of 273 Fortune 500 firms that were involved in facility management, revealed that only 12% of the responses indicated that the building simulation and analysis was very useful. However, when the firms were asked whether such tools can become more useful in the next 5 years, 47% indicated that it was very likely. The survey also found that the major challenges faced by the firms in the usage of the tools include the following: 
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• customizing proprietary software to meet their needs,
• measuring the results of implemented solutions based on the simulation, and • evaluation of the implemented solution using economic analysis.
United Kingdom.
In the survey of 69 simulation tool users by the Building Performance Research Unit of Anglia Polytechnic University (Robinson, 1996) , improvements that were required for existing simulation tools were identified. They include the following:
• links to CAD, • better reporting facilities, • better application documentation, • more comprehensive databases, and • the need for more comprehensive training.
A separate survey (Hand, 1998) revealed the main barriers to the use of building energy and environment simulation software. They include the following:
• perceived steep learning curve, • ease of use and user interface, • fear of effect of user errors, • time required for preparation and calculation, • lack of CAD integration, • lack of suitable default values, • lack of good data set, and • credibility of prediction.
Czech
Republic. This survey (Dunorska, Drkal, & Hensen, 1999) , conducted in Czech Republic classified the barriers to the use of building simulation under three main headings: cultural, economical, and technical.
The cultural barriers result mainly from the fact that various parties involved in building design are not aware or convinced of the advantages offered by the simulation. Traditional design tools enforced by Czech national standards are still prevalent. The language barrier also handicaps the use of building simulation. Most of the software is available only in English, and this discourages many potential users.
The economical barriers are related to the remuneration of the professionals and the fees in their services. The market is highly competitive and the building developers and investors expect quick results for low fees.
Examples of technical barriers are the lack of detailed input data (e.g., climate data and building material reference databases) and the lack of hardware.
The Netherlands.
Pieter (Wilde, Augenbroe, & Voorden, 1999) , in his two case studies, revealed the status of the usage of simulation tools in the Netherlands.
The role of computational tools has been mostly limited to confirming expectations concerning energy consumptions. The only noticeable impact of computational result on the design appear to be limited to fine tuning of systems.
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The existing tools do not comply with the requirements of the design phase in which support is most needed.
The use of simulation tools in the design process is solely at the discretion of the consultant who uses these tools.
What can be done to enhance the usage
The above survey results confirmed the general feeling that the usage of performancebased simulation tools for building design and evaluation in Singapore was very limited. The comparison with other countries also revealed that the main problems and barriers to the usage of simulation tools for building design and evaluation are fairly universal. The main reasons for the limited usage of such simulation tools can be summarized as follows:
• inherent system limitations of current simulation tools, • structure of existing building delivery process, and • prescriptive nature of the building legislation. Table 2 shows that the performance simulation tools are imported predominantly from the United States. Performance simulation tools that are developed locally are literally nonexistent. This is mainly due to the current lack of demand of such tools in the building industry. Furthermore, there is also a shortage of skilled programmers/software developers who are well versed with computer programming and building simulation principles and technology. For the imported tools, although the majority of them are developed based on the fundamental laws of physics that could be applied universally, some forms of customization to suit the local usage are usually required. They include the following:
Localization of performance simulation tools
• incorporation of local weather data, • provision of local building material databases, and • provision of local building components' performance characteristics.
In most cases, such data are not easily available. The incorporation of such databases in the performance simulation tools in some cases could be difficult. Thus, it is essential that the local academic institutions should play a vital role in compiling such data and making them available to the industry.
The survey also shows that academic institutions should play active roles in providing the training and learning environment for the usage of such simulation tools (see Table 7 ). Only about 6% felt that it is not important or least important. Table 8 shows that the provision of such training should be most appropriate in the form of short courses for existing working designers and also should start at the undergraduate level.
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Development of integrative design support environment
To ameliorate the inherent system limitations of the current simulation tools, concerted efforts have been made by researchers to effectively incorporate performance simulation within computer-aided design environments. Some of these research efforts include STEP (ISO, 1992) , COMBINE (Augenbroe, 1992) , ICADS (Pohl & Reps, 1988) , and SEMPER (Mahdavi et al., 1996) . Such tools are characterized by the use of computer-aided building design tools fully integrated with advanced numerical methods that allow integrated performance assessments. The CAD system can be dynamically linked to different performance simulation tools, which allows the concurrent and integrated consideration of the various performance mandates (Mahdavi, A., Mathew, P., Lee, S., Rohini, B., Chang, S., Kumar, S., et al., 1996) . Research development is also in progress to develop Webbased simulation environment with the use of a high-speed network to allow collaborative design activities to be carried out among the geographically distributed building designers. Figure 8 shows the perception of the firms surveyed on the enhancement of the design process offered by an integrative computational design support environment. Of the firms surveyed, 82.3% felt that such an environment will certainly enhance the design process, particularly in achieving Total Building Performance and Systems Integration (Hartkopf et al., 1986 ). It will also provide a better understanding of the impact of the design decisions on multiple performance mandates, as well as enhancing the evaluation of the complex design strategies. Such an environment will ultimately improve the total design coordination resulting in eco-friendly energy efficient buildings. It will also enhance contact between design consultants in various disciplines and will improve the cost-effectiveness of the design solution. Figure 9 shows the perception of the firms surveyed on the elimination of the limitations of current simulation tools with the use of an integrative computational design support environment. Most firms felt that such an environment will certainly provide a better integration of CAD tools with performance-based simulation tools. It would also facilitate the data input and interpretation of the output and is more user-friendly. It also has the advantage of having a shared database for multiple simulation domains. Coevolution of building delivery process and simulation tools
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Overview of current building delivery process
The hindrances caused by the existing structure of the building delivery process for the effective usage of simulation tools for design evaluation are well documented (Mahdavi, 1998) . The predominant factor is the emphasis on cost, specifically the initial and capital cost. Building projects are generally characterized by tight schedules and budgets. This problem is further compounded by the current project development trend where the completed buildings are not occupied by the building owners but are leased out. As such, the developers may have minimum interest in the ultimate performance of the buildings. However, the unwillingness to invest in preliminary investigative studies using simulation tools may result in remedial or abortive work as well as higher operating and maintenance cost.
Current practice in design process
Most cases of current practices in traditional building delivery process have shown a poor integration among the professionals, and the process is highly fragmented from design to construction phase. To have a better understanding of the current practices in design process-their advantages and disadvantages-the current practices can be classified into two levels of design relationship, that is, Level 1 and Level 2 design relationship.
At the Level 1 design relationship (see Figure 10) , the communication among the design professionals is based on the "one direction approach" where the focus is on their respective design responsibilities without any significant input from other design professionals. The simulation tools used are mostly visualization tools with great emphasis on visual perception (drafting software, 3D modeling, material and rendering tools, etc.). Occasionally, building performance tools may be used by engineers to enhance the accuracy in building system design. The government agency usually acts as a building regulator to ensure the compliance of prescriptive standard performance (building structure code, OTTV, fire safety code, etc.).
The Level 2 design (see Figure 11 ) is mostly common for projects where the client will occupy and use the building. The client will usually be involved right from the initial stage of the design and give invaluable input to the design team. The client, architect, and engineers work in a dynamic relationship (sharing the idea and concept), and the important decision in the building design process will usually include some aspects of performance. To ensure that the building design and performance are well integrated, building performance simulation tools are employed so that the reciprocal impact of the architectural design decision to some aspects of building performance can be better analyzed and justified. Finally, the contractor will translate the integrative design into the real building.
Needs for coevolution process
In recent years, the simulation tools have been continuously developed to perform and achieve some targets such as high accuracy, integrative simulation, and userfriendly interfaces. Undoubtedly, all the above objectives can only be accomplished by the parallel development of some external factors such as new computer technology, the advance of theory and researches, and the innovation in building components and systems.
On the other hand, the evolution should also occur in the design process such that simulation tools with new capabilities can enhance their usage in the building design process. To maximize the tool usage in design process, there are at least three factors that need to be considered: attitude (motivation) of the tool user; redefinition of the roles in design process, continuous training, and education; and building regulation enforcement (see Figure 12 ).
Evolution of design process
Design processes that adopt performance-based simulation tools certainly necessitate a conducive and integrative environment, without which the optimum design performance will be impossible to achieve. The conducive design environment means that all the parties involved in the building design (client, architects, engineers, and government) and all necessary infrastructures and regulations provide supportive efforts and motivations on the adoption of simulation tools.
The two important concepts in integrative design process are the integration of total building performances in the design and the integration of various parties in the design process. Integrative building performance design cannot be solely dependent on good architectural design without any further consideration on the overall building performance. The usage of simulation tools enables the design team to evaluate the impact on various building performances. Integration in design process emphasizes more distributed responsibility in the design team and dynamic design decision making (see Figure  13 ). It is different from conventional design, which is based on linear (highly fragmented) approach.
The client, architect, and engineers work in a dynamic relationship (sharing the idea and concept). The contractor can also be involved if the client has already appointed him or her for the projects. After the preliminary design is finished, the contractor is asked to give constructive input, especially on the construction method, buildability, and availability of all building services systems and elements. In some cases, the good feedback may come from specialized contractors and manufacturers of building systems and components. With the support from the integrative building performance simulation tools, the architect and engineers evaluate the various aspects of building performance. Simulation will be used not only to evaluate the building performance more accurately but also to analyze critically the economic aspect and life cycle cost of the future building in operation. The performance modeling process can be facilitated by the usage of common CAD system. The tools also support an intensive shared data communication for the geographically distributed users. The drawing and simulation data can be used to support the construction phase and project management. The government agency can adopt and actively encourage the use of a building performance concept for their building code compliance procedure. This can be achieved through the usage of performance-based regulatory systems. and design support tools throughout the process. However, the survey results, as shown in this article, reveal that the usage of performance-based simulation tools for building design evaluation in Singapore is still very limited. The limited usage of such simulation tools arises mainly from the inherent system limitations of current simulation tools. Emphasis on initial or capital cost by the clients, coupled with the fragmented building delivery process, has resulted in little progress in the augmentation of simulation tools for design evaluation. The prescriptive nature of the current codes of practice and design guidelines also does not promote its usage. With the move toward the development of an integrative computational design support environment where there is effective integration of CAD system with various performance-based simulation tools, it will enhance the design process as well as eliminate the major limitations of current discrete simulation tools. It is hoped that this development will become an impetus for building designers to utilize the tools for performance evaluation of their design. The shift from the prescriptive nature of the building legislation to performancebased approach will further enhance such usage. It is also essential to provide the necessary conditions for a positive coevolutionary cycle of process evolution and tool development, achieved through a critical review of the status quo and in-depth reflections on the dialectics of process and tools.
